Background Current preclinical osteosarcoma (OS) models largely focus on quantifying primary tumor burden. However, most fatalities from OS are caused by metastatic disease. The quantification of metastatic OS currently relies on CT, which is limited by motion artifact, requires intravenous contrast, and can be technically demanding in the preclinical setting. We describe the ability for indocyanine green (ICG) fluorescence angiography to quantify primary and metastatic OS in a previously validated orthotopic, immunocompetent mouse model. Questions/purposes (1) Can near-infrared ICG fluorescence be used to attach a comparable, quantitative value to the primary OS tumor in our experimental mouse model? (2) Will primary tumor fluorescence differ in mice that go on to develop metastatic lung disease? (3) Does primary tumor fluorescence correlate with tumor volume measured with CT?
primary tumor and lung fluorescence, suggesting that quantitative ICG tumor fluorescence is directly related to eventual metastatic burden. We did not find a correlation (r 2 = 0.04, p = 0.45) between normalized primary tumor fluorescence and CT volumetric measurements. Conclusions We demonstrate a novel methodology for quantifying primary and metastatic OS in a previously validated, immunocompetent, orthotopic mouse model. Quantitative fluorescence of the primary tumor with ICG angiography is linearly related to metastatic burden, a relationship that does not exist with respect to clinical tumor size. This highlights the potential utility of ICG near-infrared fluorescence imaging as a valuable preclinical proof-ofconcept modality. Future experimental work will use this model to evaluate the efficacy of novel OS small molecule inhibitors. Clinical Relevance Given the histologic localization of ICG to only the tumor bed, we envision the clinical use of ICG angiography as an intraoperative margin and tumor detector. Such a tool may be used as an alternative to intraoperative histology to confirm negative primary tumor margins or as a valuable tool for debulking surgeries in vulnerable anatomic locations. Because we have demonstrated the successful preservation of ICG in frozen tumor samples, future work will focus on blinded validation of this modality in observational human trials, comparing the ICG fluorescence of harvested tissue samples with fresh frozen pathology.
Introduction
Current preclinical osteosarcoma (OS) models primarily focus on quantifying primary tumor growth. However, patients with OS more commonly die from metastatic disease, not their primary tumors [2, 3, 22] . Patients with lung metastases detected at the time of OS diagnosis have 5-year survival rates as low as 20% to 30% [10, 11, 18] . To improve OS survival, novel therapies must act against both primary and metastatic disease. However, the characterization of potential OS treatments suffers from a lack of preclinical models that can quantify changes in OS metastatic burden. There are myriad reasons for this shortcoming. In contrast to the hindlimb, which can be immobilized, the lungs change in size and dimension over the course of normal breathing. This can complicate conventional in vivo and ex vivo quantitative measurement techniques such as contrast-aided CT. Questions of orientation, precision, time, and financial expense plague positron emission tomography studies. Any method for quantifying tumor burden must be rapid, inexpensive, precise, and not interact with experimental treatments.
Members of our group have used indocyanine green (ICG) dye angiography in multiple preclinical applications [7, 8, 20] . ICG is a near-infrared cyanine fluorophore (excitation 802 nm, return 830 nm) previously FDAapproved for surgical and ophthalmologic applications that is known for its low toxicity and hepatic metabolism [1] . After intravenous injection, ICG fluoresces only after binding tightly to plasma albumin and is therefore typically representative of purely intravascular flow. However, in environments with damaged or disorganized vasculature such as burns or a malignancy, ICG is able to extravasate, thereby persisting in a region of tissue long after intravascular signal has dissipated. This "postwashout" ICG fluorescence has been previously used to reliably visualize cancer, although not quantitatively [12, 13] .
The quantification of ICG fluorescence within regions of tissue has been found to have both acute and long-term prognostic utility. Members of our group have shown that ICG fluorescence in and around burn wounds can predict long-term scarring [7] ; the acute fluorescence of ICG within flaps can predict pedicle flap survival [6, 20] ; and interval ICG fluorescence within wounds covered with acellular dermal matrix can track vascular invasion [9] . The residual ICG signal that can persist for days in areas of gross vascular disruption (trauma, burns) or disorganized endothelium (tumors) has been poorly characterized. Although ICG has been previously shown to extravasate in tumor microvasculature [13] , further characterization of this phenomenon has focused purely on signal precision. Quantification of this signal has rarely been attempted with no attempt to equate tumor quantification with disease natural history. We believed that ICG angiography was capable of quantitatively characterizing both the primary and metastatic tumor burden in a previously validated orthotopic hindlimb OS mouse model.
Our study had three main questions: (1) Can nearinfrared ICG fluorescence be used to attach a comparable, quantitative value to the primary OS tumor in our experimental mouse model? (2) Will primary tumor fluorescence differ in mice that go on to develop metastatic lung disease? (3) Does primary tumor fluorescence correlate with tumor volume measured with CT?
Materials and Methods
All study protocols were approved by the Institutional Animal Care and Use Committee at our institution. All surgeries and fluorescence analyses were performed by the same investigator (MSF), who was kept blind as to study group throughout the experimental protocol. 6 K7M2 mouse OS cells (n = 6 per group) (RRID:CVCL_V455) into their left hindlimb proximal tibia using a previously published technique ( Fig. 1) [4] . We selected K7M2 OS cells because of their previously demonstrated prometastatic activity and their prior characterization in similar orthotopic models [19] . Cells were diluted in phosphobuffered saline into an injectable solution of 20 mL in all cases. Overall tumor formation took place in 27 of 36 animals (75%), confirmed clinically and with CT. No differences were observed in the rate of tumor growth in any cell injection group. No control animals grew tumors.
Primary Tumor Amputation
Four weeks after OS injection, all animals underwent left hindlimb transfemoral amputations. Animals were anesthetized using 2.5% isoflurane via an induction chamber and a nose cone. Surgical tools were sterilized using a bead sterilizer at 233°C (CellPoint Scientific, Gaithersburg, MD, USA). Animals were laid supine with both hindlimbs taped in a fully extended position. All hair on their hindlimbs was removed with depilatory cream (Nair™; Church & Dwight, Trenton, NJ, USA). The skin overlying the inguinal ligament was incised, and the femoral neurovascular bundle proximal to the branching of the superficial vessels was visualized. Suture ligation of the vascular bundle was performed using 4-0 Prolene® (Ethicon, Somerville, NJ, USA). The limb was then sharply amputated through the midfemoral diaphysis using a No. 10 blade scalpel. Hemostasis was obtained and closure was performed using 7-mm surgical clips (Braintree Scientific, Braintree, MA, USA).
Study Endpoint and Lung Extraction
Ten weeks after K7M2 OS hindlimb injection, animals were euthanized by CO 2 asphyxiation followed by cervical dislocation. After confirmation of euthanasia, a longitudinal incision through the animal's thorax and abdomen was made. The inferior vena cava, superior vena cava, and mediastinal structures were cut immediately superior and inferior to the lungs. The remainder of the mediastinum was carefully removed with a hemostat in a manner that permitted the undamaged lungs to be removed as a unit.
Indocyanine Green Fluorescence Measurements
Fluorescence measurements with the SPY-Elite (Novadaq, Bonita Springs, FL, USA) were performed on the hindlimb immediately before amputation and on the lungs ex vivo immediately after extraction. ICG was administered to each animal through retroorbital injection 24 hours before each measurement with 30 mL of 2.5 mg/cc ICG (IC-Green®; Novadaq). All injections were performed while being monitored by the SPY-Elite to ensure acceptable dye uptake, although formal quantitative measurements were not performed at that time. Primary tumor measurements were taken with the animal laid prone, before sharp amputation. The on-board laser target permitted the device sensor to be placed above the animal's dorsum immediately proximal to the base of its tail, permitting simultaneous standardized measurements of both the hindlimb and tail. Primary tumor quantitative fluorescence was calculated as the average of three standardized points within the animal's hindlimb, as measured with the SPY-Q (Novadaq) software preloaded onto the SPY-Elite ( Fig. 2A-B) . The maximum fluorescence measured at the base of the animal's tail was used as the normalization metric in an adaptation of a previously published technique developed by members of our group [5] . Measurement of metastatic tumor burden was performed with the sensor positioned above the carina of the lungs. High-quality jpeg images were exported with the pixel contrast scaled to a midpoint of 64 arbitrary perfusion units (APU; Fig. 3A-B) . The APU, a unit of measure independently defined by the manufacturer of the SPY apparatus and utilized in the detector and analysis software (SPY-Q; Novadaq), is a normalized, reproducible Fig. 1 A flowchart shows the experimental protocol. K7M2 OS cells were injected paraphyseally into each animal's left hindlimb. Four weeks after OS injection, sharp transfemoral amputations were performed of the left hindlimb to remove the primary tumor. Euthanasia with lung harvesting was performed 10 weeks after OS injection. Twenty-four hours before both amputation and euthanasia, 30 mL of 2.5 mg/mL ICG was injected retroorbitally. Postwashout ICG fluorescence measurements were performed immediately before amputation or on the lungs ex vivo.
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Indocyanine Green in Osteosarcoma 481 measurement of pixel return by the device, scaled to a measure of 0 to 255. This value has been used consistently and reproducibly in prior work by our group and others involving animal and human models of soft tissue pathology [5] [6] [7] [8] [9] 20] . APU is also output as a blue to red map of relative perfusion. Using the region-of-interest feature, whole lung fluorescence as shown in these images was calculated as average quantitative gray saturation with ImageJ (NIH, Bethesda, MD, USA) with the background subtracted.
CT of Hindlimbs
CT was performed on formalin-preserved hindlimbs using the FIDEX veterinary imaging apparatus. Axial, coronal, and sagittal cuts were used to measure tumor volume in orthogonal planes using OsiriX software (Pixmeo, Bernex, Switzerland). Volumetric measurements were calculated using the equation for the volume of an ellipse: 4/3*p*r1*r2*r3.
Histology
Freshly harvested leg samples were immersed in tissuefreezing medium and flash frozen with liquid nitrogen for 60 seconds in a 2-methylbutane bath. Legs with intact tumors were sectioned at 6-mm thickness on Superfrost™ Plus microscope slides (ThermoFisher Scientific, Waltham, MA, USA). Fluorescence signal was detected on unmounted slides using an Olympus IX-81 (Olympus Corporation, Shinjuku, Tokyo, Japan) outfitted with an ICG cube (excitation 775; emission 845), LB-LS/OF30R with excitation intensity of 5% at 775 nm, and Retiga EXi Aqua digital camera (Qimaging, Surrey, British Columbia, Canada). Images were captured and processed using MetaMorph® software (Molecular Devices, Sunnyvale, CA, USA).
With the aid of a blinded reader (PEA) experienced with sectioning and histologic analysis, ICG was found to localize specifically within the tumor in both primary (Fig. 4A ) and metastatic disease (Fig. 4B) was noted when the same slides were assessed 48 hours and 2 weeks after sectioning, suggesting that long-term sample preservation may not impact the localization or fluorescence of the dye.
To answer our first research question, which was to quantify the primary tumor using fluorescence angiography, we performed ICG fluorescence measurements of the primary tumor immediately before amputation 4 weeks after OS injection and correlated these measurements with clinically diagnosed disease. To answer our second research question, in which we sought to use ICG angiography to highlight lung metastases, we quantified metastatic tumor burden by performing similar fluorescence measurements ex vivo on the lungs of each mouse 10 weeks after OS injection, correlating these measurements with clinically observed OS metastases. Finally, to answer our third question, which sought to correlate primary tumor fluorescence with clinical tumor volume, we compared three-dimensional primary tumor volume measurements measured on CT with primary tumor fluorescence through linear regression.
All statistical analyses were performed by the investigators using Prism 7.0 (GraphPad, La Jolla, CA, USA). Differences in CT measurements, normalized hindlimb fluorescence, and lung fluorescence were evaluated between OS dose groups using one-way analysis of variance. Linear regressions were performed between hindlimb and lung fluorescence as well as hindlimb CT measurements and primary tumor fluorescence. In both regression analyses, all animals were considered a single group. All continuous data are presented as mean 6 SD. In all cases, p < 0.05 was considered significant.
Results
Mice with clinical tumor growth had greater hindlimb fluorescence (3.5 6 2.3 APU) compared with those without tumors (0.71 6 0.38 APU, -2.7 6 0.5 mean difference, 95% confidence interval [CI] -3.7 to -1.8, p < 0.001; Fig. 5 ). When only animals with primary tumor growth were considered, hindlimbs injected with 1 million OS cells exhibited greater fluorescence (10.7 6 8.8) than all other experimental groups (9.5 mean difference, 91% CI 1.2-17.9, p < 0.05; Fig. 6 ). No other between-group differences were observed.
Twenty-five mice were diagnosed with metastatic OS after clinical lung evaluation after ex vivo harvest (Fig.  7A-B) . All had previously developed primary tumors. Lung fluorescence was assessed as a function of hindlimb tumor fluorescence. A linear trend (r 2 = 0.81, p < 0.01; Fig. 8 ) was noted between primary tumor and lung fluorescence. However, no trend was noted when lung fluorescence was stratified by cell injection group. There was no correlation (r 2 = 0.04, p = 0.45; Fig. 9 ) observed between normalized tumor fluorescence and tumor volumetric measurements with CT.
Discussion
OS with metastases to the lungs at the time of diagnosis is associated with a drastically lower 5-year disease survival rate. Advances that may improve our ability to treat advanced disease are limited because of our inability to reliably quantify OS in preclinical models. We sought to characterize ICG angiography as a novel modality for quantifying experimental primary and metastatic OS burden. We found that (1) ICG is capable of characterizing primary tumor burden in vivo and metastatic burden ex vivo; (2) ICG histologically localizes to the tumor; and (3) ICG hindlimb fluorescence is not dictated by actual tumor size. These findings highlight the uniqueness of our analysis technique and suggest the utility of near-infrared fluorescent imaging in both preclinical and clinical applications.
There are several limitations to our model. The first is the intrinsic two-dimensional limitation of ICG angiography as a technique. Inconsistently placed measurement points or drastically altered tumor location may lead to altered fluorescence measurements. We account for this in our model by targeting OS cell injections to the same consistent area on the dorsal hindlimb using a standardized administration technique. Although the penetration depth of ICG of up to 1 cm [17] is likely to appropriately account for the depth of any tumor in this model, further confirmatory analysis of consistent tumor measurements must be performed before the formal validation of our technique in other animals. Although we have shown histologically that ICG localizes specifically to the OS tumor bed, this localization appears to be unrelated to tumor size. This has been demonstrated in humans with myriad tumor specimens and subcentimeter disease but without histologic validation [15] . Fluorescence measurements in APU do not reflect absolute values, but rather a relative pixel return normalized to a machine-dictated scale of 0 to 255. We therefore concede that we can only calculate relative relationships with ICG angiography. This may not be a true shortcoming preclinically given the anticipated use of this model to evaluate the impact of novel drugs on the same tumor environments. Absolute units would therefore be unnecessary. However, it does limit the quantitative features of ICG angiography to the purely experimental realm, in which the thickness of small animal limbs and the general anatomy of the tumor are largely consistent. We anticipate the translation of ICG in orthopaedic oncology to be largely qualitative in nature and based on its localization to the tumor bed. We propose that it may eventually serve as a qualitative, intraoperative margin detector, reducing the need for intraoperative pathology and the long delays inherent to that process. Finally, although this murine orthotopic OS model has been previously described [4, 16] , no work has fully substantiated the exact route of OS cells during metastasis. The paraphyseal injection of a suspended group of cells has not been shown to localize only to the injection site. It is possible that lymphatic drainage could lead to almost immediate metastasis, which would therefore not permit a reasonable representation of human OS pathogenesis. Although this will be evaluated using green fluorescent proteintagged OS cells in future work, this shortcoming must be understood before therapeutic analyses using our model.
Although not necessarily limitations, several characteristics of our model must also be taken into account during the planning and execution of future work using this model and ICG angiography. A tumor growth rate of 75% is acceptable for an immunocompetent model, because this reflects the expected variability secondary to an active immune system in individual animals. It does, however, require future work to include "expected tumor negatives" into their sample size calculations. This limitation may permit instead an expected "negative growth" group that can be used in additional experiments and analyses. Furthermore, only 25 of 27 mice with primary tumors developed metastatic disease. This additional "expected negative rate" will need to be applied when utilizing this model in treatment versus control studies.
We show here that ICG is capable of quantifying primary tumor burden in vivo and metastatic burden ex vivo in a previously validated orthotopic mouse model. However, the use of ICG angiography in oncologic applications is not novel. Prior work has identified the utility of residual fluorescent imaging in adenocarcinoma models, identifying 24 hours after dye administration as the critical point at which the signal:background ratio of ICG fluorescence was optimal for tumor imaging [21] . Translation of these findings into sarcoma models was first proposed by Judy and colleagues [14] . However, this was limited to qualitative primary tumor imaging. This limitation is representative of the specific aims of most prior studies of ICG in oncologic applications. Qualitative margin optimization has long been the priority of near-infrared tumor imaging. No prior work has focused on the prognostic importance of quantitative ICG signal in vivo. We found that primary tumor fluorescence was linearly related to metastatic tumor burden in our OS model. In contrast, there was no relationship between tumor fluorescence and tumor size alone. This finding suggests that although tumor size is likely a partial determinant of primary tumor fluorescence, fluorescence represents a unique tumor property in and of itself. Furthermore, the traits illustrated by quantitative ICG signal may be more important to OS metastasis than primary tumor size alone. Because ICG must be able to travel to an extravasation site to exit the tumor microvasculature, it may be a reasonable assumption that regions that have greater amounts of endothelial interruption will permit a greater amount of dye extravasation. To our knowledge, this is the first time that a fluorescence relationship between OS primary and metastatic activity has been noted. The theory of endothelial disorganization as a prognostic factor in tumor metastasis has been previously studied and may also be an indicator of changes in the tumor microenvironment and extracellular matrix composition and function [16] . Based on our findings and the conclusions of prior work, we hypothesize that OS metastasis is less dependent on tumor size than it is on tumor neoangiogenesis. Further characterization and confirmation of our hypothesis as well as a concurrent evaluation of genetic tumor alterations and differences in the phenotypic expression of pro-and antiangiogenic factors between primary and lung OS will be the subject of future work.
In conclusion, we found that ICG angiography is capable of quantifying metastatic and primary OS in a preclinical OS model. The magnitude of ICG fluorescence appears to be related to many factors, but is poorly related to clinical tumor size. Although our findings may be limited to purely preclinical, experimental work, the specific localization of postwashout ICG to the OS tumor bed portends significant potential for ICG angiography as an intraoperative positive margin detector. Future work will entail the validation of ICG's reliable localization to all components of the tumor, and clinical translation mandates a long-term observational study to evaluate the importance of residual positive signal as prognostic of local or remote recurrence. Additional experimental work will use our quantitative model to evaluate the efficacy of novel OS small molecule inhibitors on reducing primary and metastatic disease burden, permitting the advancement of new therapies to clinical trials.
